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a b s t r a c t
Signaling pathways and transcription factors are crucial regulators of vertebrate neurogenesis, exerting
their function in a spatial and temporal manner. Despite recent advances in our understanding of the
molecular regulation of embryonic neurogenesis, little is known regarding how different signaling
pathways interact to tightly regulate this process during the development of neuroepithelia. To address
this, we have investigated the events lying upstream and downstream of a key neurogenic factor, the Cut-
like homeodomain transcription factor-2 (Cux2), during embryonic neurogenesis in chick and mouse. By
using the olfactory epithelium as a model for neurogenesis we have analyzed mouse embryos deﬁcient in
Cux2, as well as chick embryos exposed to Cux2 silencing (si) RNA or a Cux2 over-expression construct.
We provide evidence that enhanced BMP activity increases Cux2 expression and suppresses olfactory
neurogenesis in the chick olfactory epithelium. In addition, our results show that up-regulation of Cux2,
either BMP-induced or ectopically over-expressed, reduce Delta1 expression and suppress proliferation.
Interestingly, the loss of Cux2 activity, using mutant mice or siRNA in chick, also diminishes neurogenesis,
Notch activity and cell proliferation in the olfactory epithelium. Our results suggest that controlled low
levels of Cux2 activity are necessary for proper Notch signaling, maintenance of the proliferative pool and
ongoing neurogenesis in the olfactory epithelium. Thus, we demonstrate a novel conserved mechanism
in vertebrates in which levels of Cux2 activity play an important role for ongoing neurogenesis in the
olfactory epithelium.
Introduction
Neurogenesis is the process in which neural stem cells differentiate
into post-mitotic neurons. The easily accessible olfactory epithelium
is one of the few structures within the nervous system where neuro-
genesis persists throughout life, and is therefore a useful model system
to explore regulatory mechanisms controlling neurogenesis.
Bone morphogenetic protein (BMP) and Notch signaling are
important pathways that regulate neurogenesis in different areas
in the brain and spinal cord (Akizu et al., 2010; Crews et al., 2008;
Machold et al., 2007; Mira et al., 2010; Ramos et al., 2010).
Consistently, both of these signaling pathways are known to affect
neurogenesis in the intact olfactory epithelium, as well as in
olfactory epithelial cell and tissue cultures. Notch signaling pre-
dominantly promotes progenitor proliferation and thereby inhibits
olfactory neurogenesis (Cau et al., 2002; Maier et al., 2011;
Schwarting et al., 2007), whereas BMP signaling can either
promote or inhibit neurogenesis, depending on the developmental
stage of action, concentration and the type of BMP ligand (Maier
et al., 2011, 2010; Shou et al., 2000, 1999). How this differential
responsiveness to BMP signaling is regulated is currently unknown.
We recently showed that enhanced BMP signaling negatively
regulate Notch activity at the onset of neurogenesis (Maier et al.,
2011). Whether this mechanism is also active at stages during
ongoing olfactory neurogenesis remains to be determined. In
addition, it is not knownwhether BMP signals inhibit Notch activity
directly or through downstream target genes.
The Cut-like transcription factor-1 and 2 (Cux1 and Cux2) are the
two conserved vertebrate homologs of the CDP/Cux/Cut home-
odomain transcription factors (Quaggin et al., 1996; Tavares et al.,
2000). While Cux1 is broadly expressed during development, Cux2
expression is restricted to neural tissues including the olfactory
epithelium (Iulianella et al., 2003; Quaggin et al., 1996; Tavares
et al., 2000). In the spinal cord, Cux2 promotes cell cycle progression
in progenitor populations, and acts as a cell-fate determinant by
promoting interneuron development (Iulianella et al., 2008). In both
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Drosophila and vertebrate embryos, cut/Cux2 has been identiﬁed as
downstream targets of Notch signaling (de Celis and Bray, 1997;
Iulianella et al., 2009; Micchelli et al., 1997). Although Cux2
expression has been observed in the olfactory pit (Iulianella et al.,
2003), the regulation of and potential role for Cux2 in the olfactory
epithelium have not been analyzed.
In this study we have addressed how Cux2 expression is
regulated in the olfactory epithelium, and examined the role that
Cux2 plays during embryonic neurogenesis in this structure. Our
results suggest that enhanced BMP activity up-regulate Cux2
expression, and that increased Cux2 activity, either by BMP induc-
tion or by Cux2 over-expression, negatively affects Notch signaling
and, reduces proliferation and neurogenesis in the olfactory epithe-
lium. Interestingly, the knock-down of Cux2 in chick and mouse also
suppresses Notch activity, proliferation and neurogenesis, indicating
that the levels of Cux2 are critical for Notch signaling, and for
maintaining the proliferative progenitors and neurogenesis in the
olfactory epithelium.
Materials and methods
Chick and mouse embryos
Fertilized white Leghorn chicken (Gallus gallus) eggs were
obtained from Agrisera AB and Strömbäcks Ägg, Umeå, Sweden.
Chick embryos were staged according to the protocol of Hamburger
and Hamilton (1992). The use of chick embryos in this study was
approved by the Ethical Committee on Animal Experiments for
Northern Sweden (Dnr. A26-10). The generation, genotyping and
phenotyping of Cux2neo/neo mice (Mus musculus) were performed as
previously described (Iulianella et al., 2008). The use of Cux2neo/neo
and control mice was approved by the Dalhousie University
Committee On Laboratory Animals, protocol number 11-097.
In ovo electroporation of chick embryos
Stage 19 chick embryos were electroporated in the olfactory
epithelial region by applying 3–4 pulses (22 V, 25 ms duration, 1 s
interval), adapted to previous experiences (Maier et al., 2010).
Vectors used were: pCAβ-EGFP-m5, pMiwIII-Noggin (Timmer
et al., 2002), pMiwIII-caAlk6 (James and Schultheiss, 2005),
pMiwIII-caNotch1-ICD (Machold et al., 2007), N1-EGFP-dnMAML1
(Maillard et al., 2004) and pCIG-Cux2-EGFP (Iulianella et al., 2008)
all at 1.0 μg/μl. The constructs were transferred using an Electro
Square Porator ECM 830 (BTX.Inc, Stockholm, Sweden). After
electroporation the eggs were taped and re-incubated to approxi-
mately stage 23 or stage 29. Viable embryos with GFP expression in
the olfactory region were selected for further analysis.
Cux2 siRNA-mediated knockdown in chick embryos
The Cux2 siRNA was designed against the chicken Cux2 transcript
(sequence provided by Dr. M. Tanaka, Tokyo, Japan), 5'-CCUACCU-
GAAGCGUCGGUAUGGGCU-3', and synthesized (Sigma-Aldrich, Stock-
holm, Sweden). A BLAST screen against expressed sequence tag (EST)
databases veriﬁed that the Cux2 siRNA sequence had no non-speciﬁc
targeting towards other chick mRNAs. A scrambled siRNAwas used as
a control. The siRNA's were prepared according to manufacturer
instructions and used at a ﬁnal concentration of 0.6 mg/ml. The siRNA's
were transferred by electroporation together with a GFP control
vector (for electroporation details see section above). Viable embryos
with uniform GFP expression in the olfactory region were selected for
further analysis.
In situ hybridization and immunohistochemistry
For the use of in situ RNA hybridization and immunohisto-
chemistry, embryos were ﬁxed in 4% PFA at 4 1C for 1–4 h,
cryoprotected in 30% sucrose at 4 1C overnight (ON), embedded
in NEG 50 (Cellab Nordia, Sollentuna, Sweden) and stored at
80 1C until cryo-sectioned at 10 mm on consecutive slides. For
the HuCD/Cux2 and pHH3/Cux2 immunostaining, 14 mm sections
were used. In situ RNA hybridization was performed essentially as
previously described (Wilkinson and Nieto, 1993). Applied chick
digoxigenin-labeled probes were as follows: Delta1 (Vargesson
et al., 1998), Hes5 (Hes5-1) (Fior and Henrique, 2005), Ngn1 (Perez
et al., 1999), NeuroD (Bell et al., 2008) and Cux2 (Iulianella et al.,
2008). Applied mouse digoxigenin-labeled probes were as follows:
Notch1 (Stump et al., 2002), Hes5 (Machold et al., 2007), Ngn1 (gift
from G. Fishell), NeuroD1 (Cau et al., 1997) and Cux2 (Iulianella
et al., 2003). Immunohistochemistry was performed using stan-
dard protocols. Brieﬂy, sections were blocked in 10% fetal calf
serum for 1 h at room temperature (RT). Primary antibodies were
incubated at 4 1C ON. Monoclonal mouse antibodies used were;
anti-HuC/D (1:200, Molecular Probes, Göteborg, Sweden, Carlsbad,
CA, USA), anti-BrdU (1:50, DSHB, Iowa, USA), and anti-phospho-
Histone H3 (Sigma, St. Louis, MO, USA), polyclonal rabbit anti-
bodies used were; anti-Cux2 (1:1000, (Iulianella et al., 2008)),
anti-phospho-Histone H3 (1:500, Millipore, Solna, Sweden), and
anti-GFP (1:500, Molecular Probes, Göteborg, Sweden). Alexa Fluor
secondary antibodies (1:400, Molecular Probes, Göteborg, Swe-
den) were incubated for 1 h at RT and nuclei were stained using
DAPI (1:600, Sigma, Stockholm, Sweden). Sections were mounted
with ﬂuorescent or glycergel mounting medium (Dako, Stockholm,
Sweden).
BrdU-pulsing in chick and mouse embryos
Stage 23 chick embryos were pulsed with 50 ml of 0.1 M
Bromodeoxyuridine (BrdU), injected under the vitalline mem-
brane close to the heads, and collected after 30 min or 2 h. E11.5
pregnant mice were injected with BrdU at 0.1 mg/kg body weight,
and sacriﬁced 2 h later. Cryosections were incubated with ice-
cooled 1 M HCl at 4 1C for 10 min, followed by incubation with 2 M
HCl at 37 1C for 20 min. Sections were recovered in 0.1 M sodium
borate buffer, pH 8.5 for 10 min at RT and washed in TBST before
standard immunohistochemistry protocol using an anti-BrdU anti-
body was performed.
Statistical analysis and imaging
HuC/Dþ , pHH3þ , BrdUþ and Cux2þ cells in the olfactory pit/
epithelium of chick and mouse were quantiﬁed. The total amount
of cells was determined by counting the number of DAPI positive
nuclei. In chick: the analysis on the electroporated side in chick
was restricted to the GFP positive area and compared with the
non-electroporated control side. In mouse: Cux2 mutant mice
were compared with age-matched control littermates. The graphs
represent the mean number7s.e.m. as percentage of the total cell
number if not stated otherwise. Signiﬁcance was determined by
Student’s t-test with P-values of o0.05; o0.01; o0.0001
accepted as statistically signiﬁcant and indicated as (*), (**), (***),
respectively. For the HuCD/Cux2 and pHH3/Cux2 immunostaining,
images were captured using a Zeiss Z1 Axio Observer microscope
using a 20 /0.8 NA apachromat lens and Hamamatsu Orca Flash
camera. All other quantiﬁcations and image generation were
performed using a Nikon Eclipse E800 microscope for simulta-
neous Epi-ﬂuorescence/DIC observations, equipped with a CCD
camera connected to a PC (Nikon Imaging Software NIS-Elements).
Images were processed using Photoshop CS2 (Adobe).
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Results
Cux2 is expressed at low levels in non-mitotic cells in the olfactory
epithelium
The olfactory placode becomes morphologically visible as an
epithelial thickening of the head ectoderm near the telencephalon
at Hamburger and Hamilton embryonic stage 14 (22 somites) in
the chick (Hamburger and Hamilton, 1992) (Fig. 1A), and embryo-
nic day (E) 9.5 in the mouse. Already at this early stage of olfactory
placode development, cells of the neuronal lineage including post-
mitotic neurons are detectable in the newly formed placode
(Fornaro et al., 2003; Maier and Gunhaga, 2009) (Fig. 1A). At later
stages neurogenesis becomes restricted to the medial part of the
olfactory epithelium (Chen et al., 2009; Kawauchi et al., 2004;
Maier and Gunhaga, 2009; Maier et al., 2010).
To determine the expression of Cux2 during the initial phase of
olfactory neurogenesis and when neurogenesis is ongoing, we
analyzed chick embryos at stage 14, stage 19 (38 somites, E3),
and stage 23 (E4), respectively. Neurogenesis in the olfactory
epithelium proceeds in an ordered manner, generating speciﬁc
cell lineages that can be followed by the use of unambiguous cell-
type markers (Beites et al., 2005; Maier and Gunhaga, 2009). We
used Hes5þ to identify stem-like progenitor cells (Cau et al., 2000),
Ngn1þ for immediate neuronal precursor cells (Cau et al., 2002),
and HuC/D as marker for post-mitotic neurons (Fornaro et al.,
2003). At stage 14, but not earlier, Cux2 is expressed in the
olfactory placode (Fig. 1A). In addition, at this stage, the initiation
of neurogenesis, Hes5, Ngn1 and HuC/D are detected in the
olfactory placode (Fig. 1A). At this and all other stages examined,
Cux2 is expressed at low levels in the olfactory epithelium
(Fig. 1A). At both stages 19 and 23, Cux2þ cells are located in the
invaginated olfactory epithelium, together with Hes5þ progenitor
cells, Ngn1þ precursor cells and HuC/Dþ neurons (Fig. 1A).
Next, we examined whether Cux2 is expressed in mitotic or
post-mitotic cells in the olfactory epithelium. Double labeling
experiments using a Cux2 antibody that detects the mouse Cux2
protein (but not the chick), together with phospho-Histone H3
(pHH3), a marker for mitotic cells (Sholl-Franco et al., 2010), or
with HuC/D were performed. At both E10.5 and E11.5, a large
proportion of Cux2þ cells co-expressed HuC/D (Fig. 1B), indicating
that a sub-population of Cux2þ cells in the olfactory epithelium
are post-mitotic neurons. However, Cux2þ cells never co-labeled
with pHH3 in the mouse olfactory epithelium (Fig. 1B). In addition,
we used BrdU-pulsing experiments in chick with a short 30 min
exposure to label the S phase nuclei. At stage 23, no cells
expressing Cux2 co-labeled with BrdU in the chick olfactory
epithelium (Fig. 1A). Thus, our results suggest that in the olfactory
epithelium of both chick and mouse Cux2 is expressed in cells that
have left the cell cycle.
BMP signals up-regulate Cux2 expression in the chick olfactory
epithelium
BMP signals are known to regulate neurogenesis in the olfac-
tory epithelium (Maier et al., 2011, 2010; Shou et al., 2000, 1999).
To understand the regulation of Cux2 expression in the olfactory
epithelium, we ﬁrst analyzed whether BMP activity affected Cux2
expression. We electroporated stage 19 chick embryos in the
olfactory epithelium with a control vector expressing Green
Fluorescent Protein (GFP) alone or together with a constitutively
active BMP receptor, caAlk6 (Bmpr1b) vector (James and
Schultheiss, 2005) or with a Noggin-expressing vector, which acts
as a BMP inhibitor (Timmer et al., 2002). We cultured the
electroporated embryos in ovo to approximately stage 23, and
then analyzed viable embryos with uniform GFP expression for
effects of neurogenesis. All embryos electroporated with the GFP
control vector exhibited normal morphology of the olfactory pit,
and the expression patterns of Cux2, Hes5, Ngn1, and the Notch
ligand Delta1were unaffected compared to the non-electroporated
side (Fig. S1A). In addition, the number of HuC/Dþ neurons and
pHH3þ mitotic cells were not changed (Figs. S1B, C).
In caAlk6-electroporated embryos the generation of Cux2þ cells
was clearly increased, while the generation of Hes5þ progenitor
cells, Ngn1þ neural precursors and Delta1þ cells were decreased
(Fig. 2A). Increased BMP activity also reduced the number of HuC/
Dþ post-mitotic neurons and proliferation in the olfactory epithe-
lium (Fig. 2B, C). To further examine whether increased BMP
signaling reduced the proliferative pool of cells, we performed
BrdU pulsing of caAlk6-electroporated embryos. During these
conditions, the numbers of BrdUþ cells were clearly decreased
(Fig. S2). These results suggest that at this stage, activation of BMP
signaling reduces Notch activity and cell proliferation, which lead
to a decrease in the proliferative pool and subsequently less
neuronal progenitors that can differentiate into neurons. Thus,
our data suggest that BMP activity acts to promote high levels of
Cux2 expression, suppress Notch signaling and limit ongoing
neurogenesis.
In contrast, in Noggin electroporated embryos the expression
domains of Hes5, Ngn1 and Delta1 were expanded while Cux2
expression appeared to be unaffected (Fig. 3). Thus, over-activation
of BMP signals up-regulate Cux2 expression in the olfactory
epithelium, but loss of BMP activity is not sufﬁcient to inhibit
olfactory epithelial Cux2 expression.
Notch activity does not regulate Cux2 expression in the chick
olfactory epithelium
Since cut/Cux2 has been identiﬁed as downstream targets of
Notch signaling in other tissues (de Celis and Bray, 1997; Iulianella
et al., 2009; Micchelli et al., 1997), we examined the possibility
that Notch activity regulate Cux2 expression in the olfactory
epithelium. For this experiment, a dominant negative (dn) MAML1
vector to inhibit Notch signaling (Maillard et al., 2004), and a
Notch1-ICD (caNotch1) vector containing a constitutively active
(ca) Notch receptor (Machold et al., 2007) to enhance Notch
activity were used.
All of the dnMAML1-transfected embryos, deprived of Notch
activity, exhibited normal morphology of the olfactory pit
(Fig. S3A). In contrast, most of the caNotch1-transfected embryos
displayed a reduced olfactory pit compared to the control non-
electroporated side (Fig. S3B). A suppression of cell differentiation
in caNotch1 electroporated embryos may explain this reduction
(Fig. S3D), since previous work has shown that over-activation of
Notch signaling in the olfactory placode does not alter apoptosis
(Maier et al., 2011). As expected, suppressed Notch signaling up-
regulated the generation of Ngn1þ neuronal precursors and the
number of HuC/Dþ neurons, whereas the over-activation of Notch
resulted in the opposite effect (Fig. S3A–D). However, neither
Notch inhibition nor activation changed the expression of Cux2 in
the olfactory epithelium (Figs. S3A, B). We conclude from these
experiments that Cux2 expression is not regulated by Notch
signals during ongoing neurogenesis in the olfactory epithelium.
Cux2 activity inhibit neurogenesis by reducing Notch signals
independent of BMP activity
BMP over-activation promoted Cux2 expression, and suppressed
Notch signaling and neurogenesis. We next asked whether Cux2 over-
expression is sufﬁcient to inhibit Notch signaling, proliferation and
neurogenesis in the olfactory epithelium. An over-expressing Cux2
bicistronic construct (Cux2) (Iulianella et al., 2008) was electroporated
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in the developing olfactory epithelium of stage 19 chick embryos and
analyzed at stage 23 or stage 29 (E6). As expected mouse Cux2
(mCux2) mRNA was strongly increased in Cux2-electroporated
chicken embryos cultured to stage 23 when we used a mCux2
in situ probe (Iulianella et al., 2003), while the olfactory epithelium
displayed normal morphology (Fig. 4A). Enhanced Cux2 activity
Fig. 1. Cux2 is expressed at low levels in non-mitotic cells in the olfactory epithelium of chick and mouse embryos. (A) In chick, Cux2 expression is ﬁrst detectable at stage 14
in the olfactory placode region (indicated by arrowheads) together with Hes5þ progenitor cells, Ngn1þ neuronal precursor cells and HuC/Dþ neurons. At stage 19 and stage
23, Cux2 as well as Hes5, Ngn1 and HuC/D are expressed in the invaginated olfactory epithelium (OE) nearby the telencephalon (T). At stage 23, Cux2þ cells are not co-
expressed with BrdU. The square indicates the area of magniﬁcation of Cux2-BrdU double labeling. (B) Double labeling of Cux2/HuC/D and Cux2/pHH3 expression in E10.5
and E11.5 wild type mouse embryos. No Cux2þ cells co-express pHH3, while 70% Cux2þ cells also express HuC/D in the olfactory epithelium. The white arrowheads
indicate Cux2/HuC/Dþ cells shown in the magniﬁcations. Statistical analysis shows percentage of double labeled Cux2/HuC/Dþ and Cux2/pHH3þ cells in comparison to the
total number of Cux2þ cells in wild type mouse embryos. Error bars represent7s.e.m, Scale bars: 100 mm.
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decreased the generation of Hes5þ progenitor cells, Ngn1þ neuronal
precursors, and Delta1þ cells (Fig. 4A). In addition, the number of
HuC/Dþ neurons and pHH3þ mitotic cells decreased (Fig. 4B, C).
The effect of over-activating Cux2 was even more pro-
nounced at stage 29, with a clear morphological reduction
of the sensory olfactory epithelium both in thickness and
length (Fig. 5A, B). In addition, there was a severe reduction
in the generation of Hes5þ progenitors, pHH3þ cells and
HuC/Dþ neurons, and the generation of Ngn1þ , NeuroDþ and
Delta1þ cells were also decreased (Fig. 5A, B). These results
suggest that increased Cux2 expression in the olfactory epithe-
lium is sufﬁcient to inhibit Notch signaling, diminish prolifera-
tion and suppress ongoing neurogenesis. Thus, suppressed
Notch signaling, proliferation and neurogenesis observed after
over-activation of the BMP pathway might be under the control
of up-regulated Cux2 expression.
Fig. 2. Enhanced BMP signaling up-regulate Cux2 expression in the olfactory epithelium. Chick embryos were electroporated in the olfactory epithelium at stage 19 with a
constitutively active BMP receptor (caAlk6) and analyzed at stage 23. (A) Enhanced BMP signaling in caAlk6 electroporated embryos increased the generation of Cux2
expression, and reduced the generation of Hes5þ progenitor cells, Ngn1þ neural precursors, and Delta1 expression. Magniﬁcations of the boxed region are shown below the
representative images. (B, C) BMP activity reduced the number of HuC/Dþ post-mitotic neurons (B) and proliferation indicated by pHH3þ staining (C). Statistical analysis
shows cell counts in comparison to the total cell number in caAlk6 electroporated embryos (n¼9, HuC/D P¼0.0126, pHH3 P¼0.0125). Error bars represent7s.e.m, Student
t-test. Scale bars: 100 mm.
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Knockdown of Cux2 suppress Notch activity and neurogenesis in the
olfactory epithelium in both chick and mouse
To examine how the loss of Cux2 function affects neurogenesis
in the olfactory pit we electroporated Cux2-siRNA in the olfactory
epithelium of stage 19 chick embryos and analyzed at stage 23 or
stage 29. Embryos electroporated with control siRNA exhibited
normal morphology of the olfactory pit, and exhibited no changes
in the expression of Cux2, Hes5þ progenitors, Ngn1þ neural
precursors, or Delta1 (Fig. S4A). In addition, the control siRNA
did not affect the number of HuC/Dþ neurons or pHH3þ mitotic
cells compared to the non-electroporated control side (Fig. S4B, C).
In contrast, Cux2-siRNA electroporated embryos cultured to
stage 23 exhibited a smaller olfactory pit and a decreased Cux2
expression, concomitant with a clearly reduced generation of
Hes5þ progenitor cells, Ngn1þ neuronal precursors, and Delta1þ
precursors (Fig. 6A). The cell restricted staining of Delta1 allowed
us to quantify the apparent reduction of neurogenic cells in
correlation to the total number of cells (DAPI) in the olfactory
epithelium of Cux2 siRNA electroporated embryos. Our results
show that the number of Delta1þ cells is signiﬁcantly reduced in
the Cux2 siRNA electroporated olfactory epithelium (data not
shown). Furthermore, the number of HuC/Dþ neurons and pHH3þ
mitotic cells was also reduced compared to the control side
(Fig. 6B, C). Thus, in the absence of Cux2 the olfactory epithelium
is smaller and the number of cells expressing neurogenic markers
is also reduced. These results were more pronounced at stage 29,
with a sever reduction in size and disturbed morphological
structure of the olfactory epithelium (Fig. S5A, B). In addition,
the expression of Hes5, Ngn1 and Delta1 and the generation of
HuC/Dþ neurons and pHH3þ mitotic cells were completely absent
(Fig. S5A, B). These results indicate that Cux2 is critical for the
maintenance of the proliferative pool and ongoing neurogenesis in
the olfactory epithelium. Since, inhibition of Cux2 resulted in a
smaller olfactory pit and reduced the domain of neurogenic
progenitor markers, we analyzed whether apoptosis was
increased. However, no increase in Caspase 3þ cells was observed
(data not shown), indicating that the electroporation of Cux2-
siRNA did not induce apoptosis. Thus, the strong inhibition of
proliferation and neuronal differentiation by Cux2 silencing likely
explain the smaller size of the olfactory epithelium in chick.
To examine whether Cux2 deﬁciency affects neurogenesis in a
similar manner in the mouse olfactory pit, we analyzed Cux2
mutant mice (Cux2neo/neo) and their control littermates (Iulianella
et al., 2008). At all stages examined (E10.5, E11.5, E13.5), Cux2neo/
neo mutants exhibited a normal morphology of the olfactory
epithelium compared to wild type mouse embryos (Fig. 7 and
Figs. S6, S8). Furthermore, at E10.5 no difference in proliferation or
neurogenic marker expression was observed in Cux2neo/neo mutant
embryos compared to controls (Fig. S6), suggesting that Cux2 is not
required for the onset of neurogenesis in the olfactory placode.
However, by E11.5 the generation of Hes5þ progenitor cells,
pHH3þ and BrdUþ proliferative cells as well as Notch expression
was reduced in Cux2 deﬁcient mice (Figs. 7A, C and S7). Moreover,
the generation of Ngn1þ neuronal precursors, NeuroD1þ termin-
ally differentiated neurons and HuC/Dþ neurons was also reduced
in Cux2neo/neo mutant embryos (Fig. 7A, B). It is noteworthy that the
decrease in HuC/Dþ , pHH3þ and BrdUþ cells was restricted to the
medial domain of the olfactory epithelium, with no changes
detectable in the lateral domain (Figs. 7B, C and S7). At E13.5,
the generation of pHH3þ proliferating cells and HuC/Dþ neurons
were decreased in the entire olfactory epithelium (Fig. S8B, C).
Moreover, Notch expression and the generation of Hes5þ progeni-
tor cells were still reduced, whereas the expression of Ngn1 and
NeuroD1 was slightly less affected (Fig. S8A). These results suggest
that Cux2 is required for maintaining the proliferative pool and
homeostasis during ongoing neurogenesis in mice.
Taken together, our ﬁndings indicate that the levels of Cux2
expression is critical for the regulation of olfactory neurogenesis in
both the chick and mouse, and that altered Cux2 levels negatively
impact the Notch pathway, reduce the size of the proliferative pool
and the generation of post-mitotic neurons.
Fig. 3. BMP inhibition did not affect Cux2 expression but activated Notch signaling. Chick embryos were electroporated in the olfactory epithelium at stage 19 with a Noggin
construct to inhibit BMP signaling and were analyzed at stage 23. Electroporation of the Noggin vector did not alter the expression of Cux2 but slightly reduced the size of the
olfactory epithelium. In addition, BMP inhibition extended the area of Hes5þ progenitor cells, Ngn1þ neural precursors, and Delta1 expression (indicated by brackets). Scale
bar: 100 mm.
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Discussion
The olfactory epithelium is a useful model system to explore
regulatory mechanisms controlling neurogenesis (Gokoffski et al.,
2011; Huang et al., 2005; Jia and Hegg, 2010; Kawauchi et al., 2009;
Maier et al., 2011; Packard et al., 2011; Tucker et al., 2010). Although
our knowledge is rapidly increasing regarding how transcription
factors and signaling molecules inﬂuence neurogenesis, little is known
how these molecules interact to exert their functions. Here, we
provide evidence that BMP activity promotes Cux2 expression, which
in turn restricts neurogenesis in the olfactory pit. Furthermore, our
data indicate that the down-regulation of Cux2 expression in the
olfactory epithelium also affects neurogenesis negatively. Altogether
our results suggest that low levels of Cux2 expression are critical for
the maintenance of the proliferative pool, Notch activity and ongoing
neurogenesis in the olfactory epithelium of chick and mouse.
Fig. 4. Over-expression of Cux2 suppresses neurogenesis and Notch signaling. Stage 19 chick embryos were in ovo electroporated in the olfactory epithelium using a Cux2
over-expressing construct and analyzed at stage 23. (A) Ectopically over-expression of Cux2 reduced the generation of Hes5þ progenitor cells, Ngn1þ neuronal precursors,
and Delta1 expression. Magniﬁcations of the boxed region are shown below the representative images. (B, C) Enhanced Cux2 expression reduced the number of HuC/Dþ
neurons (B) and proliferating pHH3þ cells (C). Statistical analysis shows cell counts in comparison to the total cell number in Cux2 electroporated embryos (n¼9, HuC/D
P¼0.0153, pHH3 P¼0.0121). Error bars represent7s.e.m, Student t-test. Scale bars: 100 mm.
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Fig. 5. Prolonged over-expression of Cux2 reduces the proliferative pool in the olfactory epithelium. (A) In ovo electroporation of stage 19 embryos in the olfactory pit using a
Cux2 over-expressing construct and analyzed at stage 29, reduced the generation of Hes5þ progenitor cells, Ngn1þ neuronal precursors, NeuroDþ neurons, and Delta1
expression. (B) Enhanced Cux2 expression reduced the number of HuC/Dþ neurons and proliferating pHH3þ cells. Statistical analysis shows cell counts in comparison to the
total cell number in Cux2 electroporated embryos (n¼3, HuC/D P¼o0.0001, pHH3 P¼o0.0001). Error bars represent7s.e.m, Student t-test. Scale bars: 100 mm.
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The homeodomain transcription factor Cux2 represents one of
the two known vertebrate homologs of the Drosophila cut gene
[reviewed in (Nepveu, 2001)]. In Drosophila embryos, cut is
required for the speciﬁcation of external sensory organ identity
in the peripheral nervous system (Blochlinger et al., 1991; Bodmer
et al., 1987), and for proper wing development (Jack et al., 1991;
Micchelli et al., 1997). In vertebrates, Cux2 controls the prolifera-
tion of neuronal precursors of the cortical subventricular zone
(Cubelos et al., 2008), and regulates dendritic branching, spine
morphology and synapse formation of the cerebral cortex (Cubelos
et al., 2010). Recent results indicate that Cux2 participate in the
development of a sub-lineage of TrkA sensory neurons (Bachy
et al., 2011). The restricted expression of Cux2 to neuronal tissue in
chick and mouse (Iulianella et al., 2003; Quaggin et al., 1996) and
previous functional studies indicate that Cux2 may inﬂuence
different neural processes such as progenitor maintenance and
Fig. 6. Silencing of Cux2 in the chick olfactory epithelium inhibit Notch activity and neurogenesis. Cux2 silencing in the chick olfactory epithelium by in ovo electroporation
of Cux2-siRNA at stage 19 and incubated to stage 23 for analyzes. (A) Exposure to Cux2-siRNA diminished Cux2 expression and reduced the generation of Hes5þ stem-like
progenitors, Ngn1þ neuronal precursors, and Delta1 expression. Silencing of Cux2 activity resulted in a smaller size of the olfactory epithelium. The box indicates the area of
magniﬁcation shown below the representative images. (B, C) Cux2 silencing decreased the number of HuC/Dþ neurons (B) and pHH3þ mitotic cells (C). Statistical analysis
shows cell counts in comparison to the total cell number after exposure to Cux2-siRNA (n¼8, HuC/D P¼0.0028, pHH3 P¼0.0020). Error bars represent mean7s.e.m, Student
t-test. Scale bars: 100 mm.
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neural differentiation. Consistently, our results in chick and mouse
indicate that Cux2 activity is critical for the regulation of neuro-
genesis in the olfactory epithelium, pointing to a conserved
mechanism in vertebrates.
We show that Cux2 deﬁcient mice exhibit diminished cell
proliferation and suppression of the entire neuronal lineage from
E11.5 but not earlier. Since Cux2 is expressed in the mouse
olfactory placode as early as at E9.5 when neurogenesis is
initiated, our results suggest that the critical role of Cux2 in the
olfactory epithelium is restricted to stages of established neuro-
genesis. It is worth noting that our results in Cux2 deﬁcient mice
provide evidence that the reduction of proliferation and post-
mitotic neurons are restricted to the medial part of the olfactory
epithelium, which is the normal location of the accelerated
proliferation of precursors that generates the neuronal population
of the olfactory pit (Tucker et al., 2010). Also in chick, silencing of
Cux2 expression in the olfactory epithelium reduces ongoing
neurogenesis, pointing to a conserved requirement of Cux2 activ-
ity for the generation of neurons in the olfactory pit in amniotes.
Interestingly, both in chick and mouse, reduced neurogenesis in
the Cux2 deﬁcient olfactory epithelium is coupled to decreased
proliferation, suppressed Notch signaling and reduced size of the
proliferative pool, Moreover, the olfactory epithelium in chick is
reduced in size and morphologically disturbed, however, without
increased apoptosis. These data suggest that inhibition of prolif-
eration and neuronal differentiation by Cux2 silencing results in a
Fig. 7. E11.5 Cux2 deﬁcient mice exhibit diminished neurogenesis and Notch activity in the olfactory epithelium. (A) Cux2 deﬁcient mice at E11.5 show reduced generation of
Hes5þ stem-like progenitors, Ngn1þ neuronal precursors, terminal neuronal differentiation indicated by NeuroD1, and Notch1 expression. (B, C) The differentiation of HuC/
Dþ neurons (B) and the mitotic rate, measured by pHH3þ cells (C) are reduced in the medial part of the olfactory epithelium in E11.5 Cux2neo/neo embryos, with no defects
observed in the lateral part. Statistical analysis shows cell counts in the medial and lateral domain of the olfactory epithelium in E11.5 Cux2neo/neo (n¼6) and control (n¼7)
mice (HuC/D P¼0.0043, pHH3 P¼0.0098). Representative images show the medial (M) and lateral (L) parts separated by arrowheads. Error bars represent mean7s.e.m,
Student t-test. Scale bars: 100 mm.
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smaller size and malformed structure of the olfactory epithelium.
Although there were similarities in the phenotype of the chick and
mice Cux2 loss-of-function experiments, the effect was more
severe in chick. This might be due to a species-speciﬁc difference
in the requirement of Cux2 levels, or relate to the fact that Cux2-
siRNA knock-downs in the chick reﬂect a persistent suppression of
gene activity, while the Cux2neo/neo mutants are hypomorphs,
which retain minimal Cux2 activity (Iulianella et al., 2008).
Our previous work has shown that BMP activity plays a crucial
role already for the early development of the olfactory placode and
early olfactory epithelium. At the late gastrula stage, BMP activity
is both required and sufﬁcient for the speciﬁcation of olfactory
placodal cells (Sjodal et al., 2007). Somewhat later, at olfactory
placodal stages, BMP signals promote an olfactory respiratory
character at the expense of olfactory sensory epithelial cell fate
(Maier et al., 2010). Our present results now suggest that BMP
signals regulate neurogenesis in the sensory olfactory epithelium
at least in part by promoting Cux2 expression. This is also in
agreement with previous results showing a broad overlap between
Cux2 and Bmp4 expression in the olfactory epithelium, branchial
arches, limb bud, and genital tubercle of mouse embryos
(Iulianella et al., 2003). This suggests that the regulation of Cux2
expression by BMP signaling may be a common mechanism in
various developing tissues. In contrast, previous studies in Droso-
phila have shown that cut expression is positively regulated by
Notch signals during development of the wing and external
sensory organs (de Celis and Bray, 1997; de Celis et al., 1996;
Doherty et al., 1996; Micchelli et al., 1997). Results in mice also
provide evidence that Notch activity can induce Cux2 expression
during dorsal interneuron formation in the spinal cord (Iulianella
et al., 2009). In this study, we present results suggesting that in the
olfactory epithelium, the expression of Cux2 is not regulated by
Notch activity, but rather by BMP signals. Furthermore, our data
provide evidence that at stages when neurogenesis is well estab-
lished in the olfactory epithelium, BMP signals inhibit Notch
signaling possible via up-regulation of Cux2 levels. These results
extend previous ﬁndings that BMP signaling inhibit members of
the Notch pathway at the initiation of olfactory neurogenesis
(Maier et al., 2011). However, since the endogenous low Cux2
expression is maintained after BMP inhibition it is possible that
Cux2 activity in the olfactory epithelium is also regulated by a
BMP/Notch independent pathway.
Interestingly, we observed that both over-activation and inhibi-
tion of Cux2 suppress olfactory neurogenesis, suggesting that a
careful balance of Cux2 levels is important for ongoing neurogen-
esis in the olfactory epithelium. Importantly, the severity of
diminished neurogenesis and Notch activity is more pronounced
in embryos with silenced Cux2 compared to over-expressed Cux2.
After over-activation of Cux2 the olfactory pit was smaller and
malformed, while there was almost a complete absence of the
olfactory epithelium after silencing Cux2. This indicates that lack of
Cux2 activity affect the development of the olfactory epithelium
and neurogenesis within more than over-expression of Cux2. The
mechanisms of how levels of Cux2 regulate neurogenesis in the
olfactory epithelium remains to be determined. In chick, the over-
activation of Cux2, either by BMP induction or by ectopic over-
expression of Cux2, reduced Delta1 expression and decreased
neurogenesis. These ﬁndings are reminiscent of the work from
the Park laboratory, in which BMP signals induce the transcription
factor Runx2, which in turn acts to suppress Notch1 activity by
dissociating the Notch1-IC-RBP-Jk complex during osteoblast dif-
ferentiation (Ann et al., 2011). In addition, loss of Cux2 activity,
both in chick embryos treated with Cux2-siRNA and in Cux2
deﬁcient mice, resulted in the suppression of Notch activity and
olfactory neurogenesis. Thus, the inﬂuence of altered Cux2 levels
on olfactory neurogenesis is mediated at least in part by reduced
Notch activity. However, whether Cux2 activity directly or indir-
ectly regulates Notch signaling during neurogenesis remains to be
determined and is the subject of future studies. In agreement with
our ﬁndings, in Drosophila cut represses the expression of Delta
and Serrate during the development of the wing imaginal discs (de
Celis and Bray, 1997). Moreover, it has been shown that different
levels of cut in sensory neurons regulate distinct patterns of
dendrite branching (Grueber et al., 2003). Collectively these
ﬁndings support our hypothesis that speciﬁc levels of Cux2 activity
have physiological relevance and appear to be important for
maintaining homeostasis of olfactory neurogenesis.
Our results also indicate that modulation of Cux2 activity
suppresses the proliferation rate of progenitors, leading to the
reduction of the entire neuronal lineage, including the prolifera-
tive pool. How Cux2 regulates cell cycle transition events in neural
progenitors is not entirely clear. Previous studies have shown that
Cux1 act as a repressor for the cell cycle inhibitors p27Kip1 and
p21Cip1 in the developing kidney and liver, respectively (Ledford
et al., 2002; Vanden Heuvel et al., 2005). Moreover, Cux2 has been
shown to regulate p27Kip1 levels in the spinal cord (Iulianella et al.,
2008). Whether altered levels of Cux2 in the olfactory epithelium
suppress neurogenesis by interfering with any cell cycle regulator
remains to be deﬁned. It is clear from our results that Cux2
expression overlaps with the expression of terminally differen-
tiated markers for neurons, and not proliferating olfactory epithe-
lial precursors. In agreement with this idea, it has been shown that
Cux2 promotes cell cycle exit by activating p27Kip1 in intermediate
progenitors, thereby regulating neuronal differentiation in the
spinal cord (Iulianella et al., 2008). Furthermore, in the cortical
subventricular zone Cux2 regulates the proliferation rate of pre-
cursor cells by suppressing precursors from re-entering the cell
cycle (Cubelos et al., 2008). On the other hand, Cux2þ radial glia
cells situated in the cerebral cortex show a greater propensity to
proliferate compared to Cux2- radial glia cells (Franco et al., 2012),
pointing to a dual function of Cux2 in progenitor maintenance and
differentiation. Our results show that controlled low levels of Cux2
expression are critical for the maintenance of the progenitor pool.
It is possible that altering the levels of Cux2 expression in the
olfactory epithelium disturbs the normal function of this protein
as a gatekeeper to control cell cycle progression and exit in
relation to proliferative progenitors, and instead results in a de-
coupling of this balance resulting in terminal neuronal differentia-
tion and decreased proliferation.
Conclusion
We show that the homeodomain transcription factor Cux2 acts
as a critical regulator of neurogenesis in the olfactory epithelium.
A balance of Cux2 levels is necessary for proper Notch activity,
maintenance of the proliferative pool and neurogenesis, as both Cux2
over-expression and Cux2 inhibition suppress Notch signals, decrease
cell proliferation and reduce neurogenesis. Thus, this study sheds
light on the complex regulatory landscape that deﬁnes the interplay
between proliferation and neurogenesis in the olfactory epithelium
of amniotes, and that these phenomena require a balance of Cux2
activity that is shaped by BMP and Notch signaling.
Acknowledgments
We thank the following persons for kindly providing plasmids;
B. Alsina (dnMAML1 vector), D. Anderson, (cNgn1), G. Fishell
(caNotch1-ICD vector, mHes5, mNgn1), J. Gilthorpe (pCAβ-EGFP-m5),
F. Giraldez (cNeuroD), F. Guillemot (mNeuroD1), D. Henrique (cHes5),
L. Niswander (caAlk6 vector, Noggin vector), C. Tabin (cDelta1), and
W. Wittmann et al. / Developmental Biology 388 (2014) 35–47 45
V. Taylor (mNotch1). We also thank Dr. M. Tanaka for providing the
Cux2 siRNA sequence. We are grateful to Jessica Clark for help with the
statistics for Fig. 1B and to members of the Gunhaga lab for helpful
discussions. This work was supported by The Swedish Research
Council, Umeå University, Å. Wiberg foundation, Märta Lundqvist
foundation and the Kempe foundation, Sweden to L.G and by grants
from the Canadian Institute of Health Research (Grant # MOP-115150),
and the Nova Scotia Health Research Foundation (Grant # 2011-7584)
to A.I.
Appendix A. Supporting information
Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.ydbio.2014.01.026.
References
Akizu, N., Estaras, C., Guerrero, L., Marti, E., Martinez-Balbas, M.A., 2010. H3K27me3
regulates BMP activity in developing spinal cord. Development (Cambridge,
England) 137, 2915–2925.
Ann, E.J., Kim, H.Y., Choi, Y.H., Kim, M.Y., Mo, J.S., Jung, J., Yoon, J.H., Kim, S.M., Moon,
J.S., Seo, M.S., Hong, J.A., Jang, W.G., Shore, P., Komori, T., Koh, J.T., Park, H.S.,
2011. Inhibition of Notch1 signaling by Runx2 during osteoblast differentiation.
J .Bone Miner. Res. 26, 317–330.
Bachy, I., Franck, M.C., Li, L., Abdo, H., Pattyn, A., Ernfors, P., 2011. The transcription
factor Cux2 marks development of an A-delta sublineage of TrkA sensory
neurons. Dev. Biol. 360, 77–86.
Beites, C.L., Kawauchi, S., Crocker, C.E., Calof, A.L., 2005. Identiﬁcation and molecular
regulation of neural stem cells in the olfactory epithelium. Exp. Cell Res. 306,
309–316.
Bell, D., Streit, A., Gorospe, I., Varela-Nieto, I., Alsina, B., Giraldez, F., 2008. Spatial
and temporal segregation of auditory and vestibular neurons in the otic
placode. Dev. Biol. 322, 109–120.
Blochlinger, K., Jan, L.Y., Jan, Y.N., 1991. Transformation of sensory organ identity by
ectopic expression of Cut in Drosophila. Genes Dev. 5, 1124–1135.
Bodmer, R., Barbel, S., Sheperd, S., Jack, J.W., Jan, L.Y., Jan, Y.N., 1987. Transformation
of sensory organs by mutations of the cut locus of D. melanogaster. Cell 51,
293–307.
Cau, E., Casarosa, S., Guillemot, F., 2002. Mash1 and Ngn1 control distinct steps of
determination and differentiation in the olfactory sensory neuron lineage.
Development (Cambridge, England) 129, 1871–1880.
Cau, E., Gradwohl, G., Casarosa, S., Kageyama, R., Guillemot, F., 2000. Hes genes
regulate sequential stages of neurogenesis in the olfactory epithelium. Devel-
opment (Cambridge, England) 127, 2323–2332.
Cau, E., Gradwohl, G., Fode, C., Guillemot, F., 1997. Mash1 activates a cascade of
bHLH regulators in olfactory neuron progenitors. Development (Cambridge,
England) 124, 1611–1621.
Chen, B., Kim, E.H., Xu, P.X., 2009. Initiation of olfactory placode development and
neurogenesis is blocked in mice lacking both Six1 and Six4. Dev. Biol. 326,
75–85.
Crews, L., Mizuno, H., Desplats, P., Rockenstein, E., Adame, A., Patrick, C., Winner, B.,
Winkler, J., Masliah, E., 2008. Alpha-synuclein alters Notch-1 expression and
neurogenesis in mouse embryonic stem cells and in the hippocampus of
transgenic mice. J. Neurosci. 28, 4250–4260.
Cubelos, B., Sebastian-Serrano, A., Beccari, L., Calcagnotto, M.E., Cisneros, E., Kim, S.,
Dopazo, A., Alvarez-Dolado, M., Redondo, J.M., Bovolenta, P., Walsh, C.A., Nieto,
M., 2010. Cux1 and Cux2 regulate dendritic branching, spine morphology, and
synapses of the upper layer neurons of the cortex. Neuron 66, 523–535.
Cubelos, B., Sebastian-Serrano, A., Kim, S., Moreno-Ortiz, C., Redondo, J.M., Walsh, C.
A., Nieto, M., 2008. Cux-2 controls the proliferation of neuronal intermediate
precursors of the cortical subventricular zone. Cereb. Cortex 18, 1758–1770.
de Celis, J.F., Bray, S., 1997. Feed-back mechanisms affecting Notch activation at the
dorsoventral boundary in the Drosophila wing. Development (Cambridge,
England) 124, 3241–3251.
de Celis, J.F., Garcia-Bellido, A., Bray, S.J., 1996. Activation and function of Notch at
the dorsal-ventral boundary of the wing imaginal disc. Development (Cam-
bridge, England) 122, 359–369.
Doherty, D., Feger, G., Younger-Shepherd, S., Jan, L.Y., Jan, Y.N., 1996. Delta is a
ventral to dorsal signal complementary to Serrate, another Notch ligand, in
Drosophila wing formation. Genes Dev. 10, 421–434.
Fior, R., Henrique, D., 2005. A novel hes5/hes6 circuitry of negative regulation
controls Notch activity during neurogenesis. Dev. Biol. 281, 318–333.
Fornaro, M., Geuna, S., Fasolo, A., Giacobini-Robecchi, M.G., 2003. HuC/D confocal
imaging points to olfactory migratory cells as the ﬁrst cell population that
expresses a post-mitotic neuronal phenotype in the chick embryo. Neu-
roscience 122, 123–128.
Franco, S.J., Gil-Sanz, C., Martinez-Garay, I., Espinosa, A., Harkins-Perry, S.R., Ramos,
C., Muller, U., 2012. Fate-restricted neural progenitors in the mammalian
cerebral cortex. Science 337, 746–749 (New York, N.Y.).
Gokoffski, K.K., Wu, H.H., Beites, C.L., Kim, J., Kim, E.J., Matzuk, M.M., Johnson, J.E.,
Lander, A.D., Calof, A.L., 2011. Activin and GDF11 collaborate in feedback control
of neuroepithelial stem cell proliferation and fate. Development (Cambridge,
England) 138, 4131–4142.
Grueber, W.B., Jan, L.Y., Jan, Y.N., 2003. Different levels of the homeodomain protein
cut regulate distinct dendrite branching patterns of Drosophila multidendritic
neurons. Cell 112, 805–818.
Hamburger, V., Hamilton, H.L., 1992. A series of normal stages in the development
of the chick embryo. 1951. Dev. Dyn. 195, 231–272.
Huang, X., Hong, C.S., O’Donnell, M., Saint-Jeannet, J.P., 2005. The doublesex-related
gene, XDmrt4, is required for neurogenesis in the olfactory system. In:
Proceedings of the National Academy of Sciences of the United States of
America, vol. 102, pp. 11349–11354.
Iulianella, A., Sharma, M., Durnin, M., Vanden Heuvel, G.B., Trainor, P.A., 2008. Cux2
(Cutl2) integrates neural progenitor development with cell-cycle progression during
spinal cord neurogenesis. Development (Cambridge, England) 135, 729–741.
Iulianella, A., Sharma, M., Vanden Heuvel, G.B., Trainor, P.A., 2009. Cux2 functions
downstream of Notch signaling to regulate dorsal interneuron formation in the
spinal cord. Development (Cambridge, England) 136, 2329–2334.
Iulianella, A., Vanden Heuvel, G., Trainor, P., 2003. Dynamic expression of murine
Cux2 in craniofacial, limb, urogenital and neuronal primordia. Gene Expr.
Patterns 3, 571–577.
Jack, J., Dorsett, D., Delotto, Y., Liu, S., 1991. Expression of the cut locus in the
Drosophila wing margin is required for cell type speciﬁcation and is regulated
by a distant enhancer. Development (Cambridge, England) 113, 735–747.
James, R.G., Schultheiss, T.M., 2005. Bmp signaling promotes intermediate meso-
derm gene expression in a dose-dependent, cell-autonomous and translation-
dependent manner. Dev. Biol. 288, 113–125.
Jia, C., Hegg, C.C., 2010. NPY mediates ATP-induced neuroproliferation in adult
mouse olfactory epithelium. Neurobiol. Dis. 38, 405–413.
Kawauchi, S., Beites, C.L., Crocker, C.E., Wu, H.H., Bonnin, A., Murray, R., Calof, A.L.,
2004. Molecular signals regulating proliferation of stem and progenitor cells in
mouse olfactory epithelium. Dev. Neurosci. 26, 166–180.
Kawauchi, S., Kim, J., Santos, R., Wu, H.H., Lander, A.D., Calof, A.L., 2009. Foxg1
promotes olfactory neurogenesis by antagonizing Gdf11. Development (Cam-
bridge, England) 136, 1453–1464.
Ledford, A.W., Brantley, J.G., Kemeny, G., Foreman, T.L., Quaggin, S.E., Igarashi, P.,
Oberhaus, S.M., Rodova, M., Calvet, J.P., Vanden Heuvel, G.B., 2002. Deregulated
expression of the homeobox gene Cux-1 in transgenic mice results in down-
regulation of p27(kip1) expression during nephrogenesis, glomerular abnorm-
alities, and multiorgan hyperplasia. Dev. Biol. 245, 157–171.
Machold, R.P., Kittell, D.J., Fishell, G.J., 2007. Antagonism between Notch and bone
morphogenetic protein receptor signaling regulates neurogenesis in the cere-
bellar rhombic lip. Neural Dev. 2, 5.
Maier, E., Gunhaga, L., 2009. Dynamic expression of neurogenic markers in the
developing chick olfactory epithelium. Dev. Dyn. 238, 1617–1625.
Maier, E., Nord, H., von Hofsten, J., Gunhaga, L., 2011. A balance of BMP and notch activity
regulates neurogenesis and olfactory nerve formation. PLoS One 6, e17379.
Maier, E., von Hofsten, J., Nord, H., Fernandes, M., Paek, H., Hebert, J.M., Gunhaga, L.,
2010. Opposing Fgf and Bmp activities regulate the speciﬁcation of olfactory
sensory and respiratory epithelial cell fates. Development (Cambridge, Eng-
land) 137, 1601–1611.
Maillard, I., Weng, A.P., Carpenter, A.C., Rodriguez, C.G., Sai, H., Xu, L., Allman, D.,
Aster, J.C., Pear, W.S., 2004. Mastermind critically regulates Notch-mediated
lymphoid cell fate decisions. Blood 104, 1696–1702.
Micchelli, C.A., Rulifson, E.J., Blair, S.S., 1997. The function and regulation of cut
expression on the wing margin of Drosophila: Notch, Wingless and a dominant
negative role for Delta and Serrate. Development (Cambridge, England) 124,
1485–1495.
Mira, H., Andreu, Z., Suh, H., Lie, D.C., Jessberger, S., Consiglio, A., San Emeterio, J.,
Hortiguela, R., Marques-Torrejon, M.A., Nakashima, K., Colak, D., Gotz, M.,
Farinas, I., Gage, F.H., 2010. Signaling through BMPR-IA regulates quiescence
and long-term activity of neural stem cells in the adult hippocampus. Cell Stem
Cell 7, 78–89.
Nepveu, A., 2001. Role of the multifunctional CDP/Cut/Cux homeodomain tran-
scription factor in regulating differentiation, cell growth and development.
Gene 270, 1–15.
Packard, A., Giel-Moloney, M., Leiter, A., Schwob, J.E., 2011. Progenitor cell capacity
of NeuroD1-expressing globose basal cells in the mouse olfactory epithelium. J.
Comp. Neurol. 519, 3580–3596.
Perez, S.E., Rebelo, S., Anderson, D.J., 1999. Early speciﬁcation of sensory neuron fate
revealed by expression and function of neurogenins in the chick embryo.
Development (Cambridge, England) 126, 1715–1728.
Quaggin, S.E., Heuvel, G.B., Golden, K., Bodmer, R., Igarashi, P., 1996. Primary
structure, neural-speciﬁc expression, and chromosomal localization of Cux-2, a
second murine homeobox gene related to Drosophila cut. J. Biol. Chem. 271,
22624–22634.
Ramos, C., Rocha, S., Gaspar, C., Henrique, D., 2010. Two Notch ligands, Dll1 and
Jag1, are differently restricted in their range of action to control neurogenesis in
the mammalian spinal cord. PLoS One 5, e15515.
Schwarting, G.A., Gridley, T., Henion, T.R., 2007. Notch1 expression and ligand
interactions in progenitor cells of the mouse olfactory epithelium. J. Mol. Histol.
38, 543–553.
Sholl-Franco, A., Fragel-Madeira, L., Macama Ada, C., Linden, R., Ventura, A.L., 2010.
ATP controls cell cycle and induces proliferation in the mouse developing
retina. Int. J. Dev. Neurosci. 28, 63–73.
W. Wittmann et al. / Developmental Biology 388 (2014) 35–4746
Shou, J., Murray, R.C., Rim, P.C., Calof, A.L., 2000. Opposing effects of bone
morphogenetic proteins on neuron production and survival in the olfactory
receptor neuron lineage. Development (Cambridge, England) 127, 5403–5413.
Shou, J., Rim, P.C., Calof, A.L., 1999. BMPs inhibit neurogenesis by a mechanism
involving degradation of a transcription factor. Nat. Neurosci. 2, 339–345.
Sjodal, M., Edlund, T., Gunhaga, L., 2007. Time of exposure to BMP signals plays a
key role in the speciﬁcation of the olfactory and lens placodes ex vivo. Dev. cell
13, 141–149.
Stump, G., Durrer, A., Klein, A.L., Lutolf, S., Suter, U., Taylor, V., 2002. Notch1 and its
ligands Delta-like and Jagged are expressed and active in distinct cell popula-
tions in the postnatal mouse brain. Mech. Dev. 114, 153–159.
Tavares, A.T., Tsukui, T., Izpisua Belmonte, J.C., 2000. Evidence that members of the
Cut/Cux/CDP family may be involved in AER positioning and polarizing activity
during chick limb development. Development (Cambridge, England) 127,
5133–5144.
Timmer, J.R., Wang, C., Niswander, L., 2002. BMP signaling patterns the dorsal and
intermediate neural tube via regulation of homeobox and helix-loop-helix
transcription factors. Development (Cambridge, England) 129, 2459–2472.
Tucker, E.S., Lehtinen, M.K., Maynard, T., Zirlinger, M., Dulac, C., Rawson, N., Pevny,
L., Lamantia, A.S., 2010. Proliferative and transcriptional identity of distinct
classes of neural precursors in the mammalian olfactory epithelium. Develop-
ment (Cambridge, England) 137, 2471–2481.
Vanden Heuvel, G.B., Brantley, J.G., Alcalay, N.I., Sharma, M., Kemeny, G., Warolin, J.,
Ledford, A.W., Pinson, D.M., 2005. Hepatomegaly in transgenic mice expressing
the homeobox gene Cux-1. Mol. Carcinog. 43, 18–30.
Vargesson, N., Patel, K., Lewis, J., Tickle, C., 1998. Expression patterns of Notch1,
Serrate1, Serrate2 and Delta1 in tissues of the developing chick limb. Mech.
Dev. 77, 197–199.
Wilkinson, D.G., Nieto, M.A., 1993. Detection of messenger RNA by in situ hybridiza-
tion to tissue sections and whole mounts. Methods Enzymol. 225, 361–373.
W. Wittmann et al. / Developmental Biology 388 (2014) 35–47 47
